There are presently rapid advances in both the quality and quantity of data being taken on the breakup of exotic weakly bound nuclei. Many more exclusive data are being measured which clarify the contributions arising from different final states, or which reveal hitherto unobserved interference between different breakup partial waves or contributing mechanisms. These new data provide much more demanding tests of available reaction theoretical methods, of their efficacy as probes of rare isotope structures and reaction mechanisms, and of their applicability to problems in nuclear astrophysics. Appropriate, but approximate reaction theories are therefore being constantly developed, tested and refined. This contribution touches on some of these recent theoretical developments. §1. Introduction Semi-classical eikonal (impact parameter based) methods have been remarkably successful in interpreting the new data on reactions initiated by rare beams from fragmentation facilities, with beam energies of order or in excess of 50 MeV/nucleon. This is particularly true for secondary reactions on light nuclear targets where the short-ranged nuclear interactions drive the dominant reaction mechanisms and the sudden or adiabatic approximation is on a sound theoretical footing. Of particular recent interest is their use in developing a quantitative description of nucleon knockout reactions for the single-particle spectroscopy of rare nuclear beams. Recent reviews of the status of this work can be found in references. 1)-3) Extensions of such knockout reaction calculations to lower energies will be discussed briefly.
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The coupled discretised continuum channels (CDCC) methodology is also very well adapted to the description of effective three-body systems in which the nuclear interactions are dominant. Recently, the method has provided a detailed understanding 4) of the measured asymmetric momentum distributions of the core residues, observed following single-neutron removal reactions from halo nuclei by a light target.
The most demanding theoretical situation is the description of reactions where there are significant contributions from both nuclear and Coulomb processes. The convergence of practical and realistic calculations is then an important issue. There are several new sets of data available for the breakup of 8 B on heavy target nuclei obtained with beam energies from 3 to 80 MeV/nucleon. The CDCC method, recently applied to these systems, reveals unambiguously how critical the inclusion of the higher-order couplings in the continuum is to gain even a qualitative description of breakup reaction data. The status of such calculations is reviewed briefly and outstanding discrepancies are noted. §2. Eikonal-like calculations New reaction data are both of increasing quality and are more exclusive with respect to measured final states and/or fragment angular or energy distributions, e.g. 2), 4)-6) Eikonal methods, because of the relative simplicity of their calculational machinery, and the transparency of the required physical inputs, have been used extensively to interpret the first generation of usually rather inclusive data on few-and many-body projectiles. The accuracy of the eikonal approximation, and the implied adiabatic/sudden approximation, are therefore the subject of ongoing studies. 4), 7)-10) An important application of these methods is to single-nucleon knockout reactions, e.g. 2), 4), 5), 11) We point out here that the exact continued phases approach, discussed previously in the context of elastic scattering calculations, 7) provides a simple and efficient means to make significant improvements to the eikonal description of nucleon knockout reactions at low and intermediate energies.
While most knockout reaction analyses have been carried out at energies in excess of 50-60 MeV/nucleon, the accuracy of the methods at these and at lower energies is of importance. A recent study by Esbensen and Bertsch 8) concludes that the lowest order eikonal calculations, in which the constituent-target (removed nucleonand core-target) S-matrices S(b) are calculated as the integrals of the appropriate Moduli of the elastic S-matrices for n+ 12 C scattering at 25, 45 and 70 MeV calculated using the eikonal (dashed curves) and EC (solid curves) phase shifts of reference.
7)
optical potential along the path of the particle (the z-direction, see e.g. equation 5 of reference 7) ) underestimate the nucleon removal reaction cross sections at lower energies. This was deduced on the basis of comparisons with more accurate calcu-lations, based on a time-dependent calculational scheme. 8), 12) We clarify here that this underestimation is entirely expected, based on the qualitative behavior of the eikonal approximation to these S-matrices, in particular that for the light, low momentum (removed nucleon) constituent in the reaction. Indeed, our earlier analyses already took these necessary effects into account. 3), 13) To be specific, Figure 1 shows the calculated |S(b)| of the eikonal model for a neutron on a 12 C target at 25, 45 and 70 MeV (dashed curves). The neutron optical potentials used are the Chapel Hill CH86 parameter set. 14) These |S(b)| should be compared with the solid curves. These show the exact impact parameter dependent S-matrix. This is obtained by the numerical solution of the radial Schrödinger equation, in the presence of the optical potential, but for arbitrary continuous orbital angular momenta λ. We associate the physical integer orbital angular momenta ℓ with impact parameters bk = ℓ + 1/2, and similarly for λ, with k the neutron incident wave number in the center of mass frame. These S(b), which continue the exact partial wave S-matrix S ℓ to all real non-integer angular momenta, is the exact continued (EC) S-matrix of reference. 7) Figure 1 shows a characteristic feature of the eikonal approximation to the elastic S-matrix -that at low energies it has a smaller spatial extent -and so it effectively underestimates the size of the target, the interaction range and that of its absorption. The result, given the surface dominance of the knockout reaction, is that use of the eikonal S(b) will naturally underestimate both the stripping (absorption) and elastic breakup (diffraction dissociation) contributions to the one-nucleon removal reaction. This is shown in Figure 2 for the example of neutron removal from a 15 C projectile, dashed and solid curves show cross sections calculated using the usual formulae for the stripping and diffractive breakup processes, 15), 16) but using the eikonal and EC S-matrices, respectively. Their sum is also shown. The calculations are qualitatively and quantitatively very similar to those presented by reference. 8) The lowest order eikonal description, if based on constituent optical potentials fitted to elastic scattering data, will indeed underestimate the calculated nucleon removal cross sections at low energies and so overestimate any extracted spectroscopic factors deduced from comparisons with data. We believe that Figure 1 provides a simple insight into the deficiency of the low energy eikonal S-matrix derived from potential models. It is a simple process to include the more accurate S-matrix in the existing structure of the eikonal calculational schemes. 3), 17) §3.
CDCC Calculations of Breakup from Light Targets
The CDCC is an established technique for breakup studies and has been formulated and applied extensively to the scattering of two-body projectiles, such as the deuteron, 6 Li (α+d) and 7 Li (α+t). The development of the approach and its relationship to Faddeev and more approximate three-body methods have been comprehensively reviewed in. 18), 19) The method proceeds by constructing a square integrable basis set of relative motion states in the separation of the two projectile constituents, denotedφ α (⃗ r), on which to expand the three-body wave function of the (two-body) projectile and target Ψ (+) (⃗ r, ⃗ R). Using this basis set, the CDCC approximates the three-body Schrödinger problem by an effective two-body coupled channels equation set. The CDCC therefore works with a (finite volume) model space Hamiltonian
Here α = 0 labels the projectile ground state and the label α indicates the set of states which partition the (physically important) three-body continuum. 20) The question in CDCC model solutions is therefore the completeness and adequacy of this assumed model space. There has been considerable attention paid to the convergence of the CDCC scheme in the case of nuclear breakup of light and light-heavy ions. 18) The practical convergence of derived S-matrices has been demonstrated with respect to the maximum breakup energies included, the number of breakup partial waves treated, the maximum order of potential multipole couplings, and the number and widths of the continuum bins assumed in each breakup partial wave. Details can be found in. 18), 20) More recently, 3), 4) the CDCC method has also been used to investigate the accuracy of the eikonal methods, discussed in the previous section. Of course the CDCC can calculate only the elastic breakup part of the nucleon knockout reaction, and so can be used only to improve that part of the eikonal scheme. The calculations, however, confirmed that the eikonal methods do calculate reliable integrated elastic breakup cross sections. The (fully quantum mechanical) CDCC formulation also allows the study of more precise features (such as an observed high/low momentum asymmetry, e.g. 5) ) in the measured momentum distributions in exclusive, with respect to the final state of the residual nucleus, nucleon-knockout reactions from weakly-bound and halo nuclei such as 11 Be and 15 C. 3), 4) Details of the calculation of the breakup triple differential cross sections within the CDCC can be found in reference. 20) The parallel momentum, or energy distributions of the fragment(s) must then be obtained by integration over the appropriate parts of the final state phase space. This facility allows the calculation of the most exclusive breakup observables and also aids a correct treatment of experimental acceptances, detector solid angles, etc. in detailed comparisons with data.
For breakup of weakly bound neutron+core systems at 50-70 MeV/nucleon incident energies on a light target (nuclear breakup), typically, breakup energies up to 20-25 MeV are needed in the neutron+core system. The corresponding relative motion partial waves of these fragments needed are up to F and/or G waves. These values are rather universal, reflecting the linear and angular momentum transfers induced by the surface diffuseness of the constituent-target nuclear tidal interactions. In each partial wave the range of breakup energies is accurately mapped by of order 10-15 continuum bins, dividing equally the range of breakup wave numbers. This gives a basis size with of order 70-80 bin states. The reader is directed to references 3) and 4) for details of these applications, but Figure 3 , from, 4) shows the momentum distributions measured (symbols) following one-neutron removal from a 15 C beam of 54 MeV/nucleon, leaving 14 curve, which includes the CDCC calculation of the elastic breakup component of the cross section, is seen to give an excellent description of the measured asymme-try of the ground state momentum distribution. Moreover 4) it reproduces also the measured distribution of ground state fragments with scattering angle. §4.
CDCC Calculations of Breakup from Heavy Targets
Coupled channels (CDCC) calculations on heavy (highly charged) targets, where Coulomb breakup is important, are on a much less secure footing with regard convergence of the calculations and the model space required. The volume of the configuration space is large since the couplings are of long range. 21) An assessment of theory has in part awaited good quality (exclusive) data with which to compare model calculations. There are several new sets of data available for the breakup of 8 B on heavy target nuclei obtained with beam energies from 3 to 80 MeV/nucleon. These data 6), 22), 23) were motivated, in large part, by the wish to understand the E1 and E2 contributions to the breakup reaction so as to extract the E1 strength for comparison with, or deduction of, the low energy proton+ 7 Be radiative capture reaction S factor, of importance to the 8 B production rate and to the measured high energy solar neutrino flux. This is not the emphasis here, where our first wish is to investigate the general level of agreement between practically feasible CDCC calculations of Coulomb breakup and these data.
It should be pointed out that all the calculations presented here use a very simple pure single particle description of the 8 B ground state wave function with unit spectroscopic factor. The inclusion of more sophisticated 8 B structure models within the CDCC is an additional challenge for the future.
Breakup at near Coulomb barrier energies
A recent careful CDCC study 20) of data for the 8 B+ 58 Ni breakup reaction at low energy, 26 MeV, 6) has been very encouraging. Such low (near Coulomb barrier) energy reactions are a particular challenge as the roles of both Coulomb and nuclear interactions are strong, as is the role of E1, E2 and potentially higher order electric multipole transition operators. In the work of reference, 20) calculations required a model space including the S, P , D and F waves 7 Be+proton continuum and breakup energies up to 10 MeV. E3 multipole transitions were also shown to be important in this case and Coulomb and nuclear effects were both strong and interfering, as noted in the work of Nunes and Thompson. 21) Special care has to be taken in the treatment of the long range real multipole interactions in the case of Coulomb couplings, in particular between continuum bin states, themselves of long range. These long range couplings impact also on the number of partial waves needed in the projectile-target relative motion, L max . Integrations in this projectile-target relative motion coordinate ⃗ R at large distances, where the couplings are due only to the real Coulomb multipole potentials, are carried out using the coupled Coulomb wave functions solution method discussed by Christley and Thompson. 24) The integration range is divided into segments in which the potentials are represented by linear approximations and in which piece-wise analytic solutions are obtained. Calculations required L max ≈ 1000 and R max ≈ 500-1000 fm. Full details of the model space used can be found in. 20) A particular feature of the data of reference 6) is the availability of 7 Be fragment energy distributions measured at several laboratory angles. This observable is strongly affected by interference between different breakup partial waves and so is a valuable indicator of the consistency of the overall coupling scheme. One such example, for 7 Be residues emerging at 40 • , is shown in Figure 4 the filled circles, with associated error bars. The full curve is the complete coupled channels CDCC calculation. The long-dashed curve shows the results of a first order (DWBA) calculation of the breakup reaction. That is, in the CDCC calculations, couplings are allowed to act only once from the 8 B ground state to each continuum bin state in the model space. The overestimation of the cross section distribution is apparent and its shape is characteristic of that from the interference of E1 and E2 transitions in semi-classical first-order theory. 22) The dot-dashed curve, called the no continuum-continuum coupling calculation, allows all orders of coupling between the 8 B ground state and the bin states representing the continuum. However, no couplings between continuum states are included, and so no redistribution or rearrangement of breakup flux within the continuum is included.
As might be anticipated, the cross section is smaller than that of the DWBA calculation, reflecting reverse coupling effects which return flux from the continuum to the ground state. The calculation without continuum-continuum couplings nevertheless does not describe the data for this observable, nor indeed the 7 Be angular distribution. The full CDCC calculations were stable against variations in the model space used and were able to reproduce the full set of measured data within the accuracy of the measurements. The CDCC calculation has only minor sensitivity to the parameters of the model used, such as the proton-target potential which is assumed and to the specific (single-particle) structure model assumed for the 8 B ground state. This is a considerable incentive to take more precise data for such systems as this capability becomes available.
Breakup at fragmentation beam energies
At higher energies, 44.1 MeV/nucleon 22) and 83 MeV/nucleon, 23) parallel momentum distributions of the 7 Be residues emerging into a very forward angle cone, following breakup of 8 B on a 208 Pb target have been measured. At 83 MeV/nucleon the breakup cross section, for forward going fragments, was also measured as a function of the relative energy of the proton and 7 Be, with high precision. CDCC calculations were able to reproduce this data precisely and without parameter variation (see Figure 17 of reference 23) ). These data are, however, incoherent in the electric multipole contributions and, as the E2 contributions are much reduced at this energy, do not pose such a demanding test of the theory. They do however give a reasonable indication that the CDCC has a good overall E1 strength.
The 7 Be residue parallel momentum distributions however, as for the energy distributions for the low energy data, are a particularly sensitive indicator of competing E1 and E2 dominated breakup pathways, showing strong interference effects even in leading order. 22) In the first-order semi-classical (Coulomb excitation) theory, the E2 amplitude from a simple single-particle 8 B structure model, 12) as used in the CDCC, has to be reduced by a factor of 0.7 in order to reproduce the measured interferences in the 44.1 MeV data. 22), 23) Higher order effects, such as are included in the CDCC, are suggested as being the source of this reduction. This supposition is supported also by earlier 12) time-dependent calculations of the effects of higher order coupling contributions, which showed a reduced level of interference, i.e. an effective suppression of E2 strength within the higher order analysis. This time-dependent formulation of higher order effects has been refined considerably, meanwhile, using the efficiency of Lagrange mesh techniques, 25) although this has yet to be applied to parallel momentum distribution calculations. The results of CDCC calculations are shown in the left panel of Figure 5 . The results are seen to show insufficient interference (too shallow a slope) compared to the experimental data, revealing a considerable suppression of E1/E2 interference effects. Recall that the first order theory required a scaling of the E2 amplitude by 0.7 to reproduce these data. On the contrary, the right panel of the Figure shows that, within the CDCC, the E2 strength (matrix elements) have to be enhanced by a factor of order 1.6 to restore the observed interference effects. The importance of the E2 contributions, and indeed of the higher order effects, fall with increasing incident energy and the data at around 80 MeV/nucleon add rather little to the clarification of the E2 component. The data at this higher energy are not strongly affected by rescaling of the E2 contributions.
In summary, 8 B breakup data are available over a wide energy range. The data at 26 MeV, from Notre Dame, 6) are well described by the CDCC, however the error bars remain significant. They show however how important it is to include continuum channel couplings to reproduce data at near Coulomb barrier energies. Predictions for the data from MSU 22), 23) at higher energies, particularly the parallel momentum distribution data at 44.1 MeV/nucleon, show considerable reaction model dependence, the CDCC predicting large higher order effects and large suppression of E2 interference effects. It remains to be clarified if this reveals a difficulty with the 8 B structure, the CDCC convergence or with the data themselves. It would be timely, as a first step toward such a clarification, to carry out detailed comparisons of the results of the available (CDCC and time-dependent) higher-order reaction theories. The very interesting case of the 44.1 MeV MSU data offers an energy and angular regime in which the assumptions underlying both theories are expected to be quite reliable and where these comparisons should be very informative.
